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The ErbB2 blocker trastuzumab improves survival in oncologic patients, but can cause
cardiotoxicity. The late Na+ current inhibitor ranolazine has been shown to counter
experimental HF, including doxorubicin cardiotoxicity (a condition characterized by
derangements in redox balance), by lowering the levels of reactive oxygen species
(ROS). Since ErbB2 can modulate ROS signaling, we tested whether trastuzumab
cardiotoxicity could be blunted by ranolazine via redox-mediated mechanisms.
Trastuzumab decreased fractional shortening and ejection fraction in mice, but ranolazine
prevented heart dysfunction when co-administered with trastuzumab. Trastuzumab
cardiotoxicity was accompanied by elevations in natriuretic peptides and matrix
metalloproteinase 2 (MMP2) mRNAs, which were not elevated with co-treatment with
ranolazine. Trastuzumab also increased cleavage of caspase-3, indicating activation of
the proapoptotic machinery. Again, ranolazine prevented this activation. Interestingly,
Neonatal Rat Ventricular Myocytes (NRVMs), labeled with MitoTracker Red and treated
with trastuzumab, showed only a small increase in ROS compared to baseline conditions.
We then stressed trastuzumab-treated cells with the beta-agonist isoproterenol to
increase workload, and we observed a significant increase of probe fluorescence,
compared with cells treated with isoproterenol alone, reflecting induction of oxidative
stress. These effects were blunted by ranolazine, supporting a role for INa inhibition in
the regulation of redox balance also in trastuzumab cardiotoxicity.
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INTRODUCTION
ErbB2 (also called HER2) is tyrosine kinase receptor, member of the human epidermal growth
factor receptor family, and is overexpressed in 25–30% of breast cancers (Slamon et al., 1987).
Trastuzumab is the prototypical anti-ErbB2 drug, and the first developed and most widely used
biologic anticancer agent. Since its introduction in 1998, trastuzumab has dramatically improved
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the clinical history of breast cancer patients, but unfortunately it
has been shown to cause cardiac dysfunction (Bloom et al., 2016;
Moslehi, 2016; Zamorano et al., 2016; Armenian et al., 2017),
since ErbB2 has been proven to be an important modulator
of myocardial function (Force et al., 2007; Eschenhagen et al.,
2011). Indeed, in the heart, ErbB2 seems to mediate cell
survival and functionality (De Keulenaer et al., 2010; Ky et al.,
2013; Lim et al., 2015), and also cardiac regeneration (D’Uva
et al., 2015), and it seems to be stimulated upon cardiac
adverse hemodynamics or other stress, such as doxorubicin
(De Keulenaer et al., 2010; Tocchetti et al., 2017). It has been
hypothesized that ErbB2 blockers can hamper cardiomyocytes,
especially when exposed to other stressors, such as pressure or
volume overload or anthracyclines, eventually leading to cardiac
dysfunction (de Korte et al., 2007; Gabrielson et al., 2007; Ewer
and Ewer, 2010). Hence, this co-administration is now possibly
avoided in clinics (Slamon et al., 2001; Suter et al., 2007), since
trastuzumab can exacerbate or induce anthracycline toxicity:
once trastuzumab blocks the protective mechanisms of ErbB2,
the oxidative damage from anthracyclines can increase (Ewer and
Ewer, 2010). Importantly, ErbB2 has been shown to modulate
doxorubicin-induced redox damage (Timolati et al., 2006), while
its blockade is able to induce myocytes death through redox-
dependent pathways (Gordon et al., 2009). In addition, ErbB2
overexpressor mice showed upregulation of antioxidant enzymes
and protection from anthracyclines cardiotoxicity (Belmonte
et al., 2015).
The late Na+ current inhibitor ranolazine has emerged as a
potential therapeutic to treat experimental heart failure (Sabbah
et al., 2002; Rastogi et al., 2008), and has also been recently
indicated as a promising cardio-oncological drug (Minotti, 2013).
We and others (Tocchetti et al., 2014; Cappetta et al., 2017) have
demonstrated that ranolazine is also able to blunt experimental
doxorubicin cardiotoxicity. Also, we had previously shown that
trastuzumab can cause experimental heart dysfunction (Riccio
et al., 2009; Fedele et al., 2012). Hence, here we hypothesize that
ranolazine is also able to blunt heart dysfunction induced by
trastuzumab in animal and cellular models.
MATERIALS AND METHODS
Trastuzumab Treatment Protocol in Vivo
C57Bl/6 mice (2–4 months old, Harlan Italy, San Piero al
Natisone, Udine, Italy) were injected with a cumulative dose
of 2 nM trastuzumab (Genentech, South San Francisco, CA,
USA) via seven daily intraperitoneal injections (2.25 mg/kg i.p.,
TRA group), as for our well-established protocol (Fedele et al.,
2012). No mortality was associated with this dosing regimen.
Another group of mice was treated orally with ranolazine
(Ranexa, Menarini, 305 mg/kg/day, doses comparable Reagan-
Shaw et al., 2008 with those used clinically in humans of 750mg
twice daily, below the human maximal dosing of 1 g twice daily)
for 10 days (RAN group; Tocchetti et al., 2014), and another
group, after 3 days of ranolazine, started receiving trastuzumab
concomitantly with ranolazine for 7 days (RAN+TRA group).
Sham animals were used as controls. For ex vivo analyses,
animals were sacrificed by cervical dislocation after anesthesia
with tilotamine (0.09 mg/g), zolazepam (0.09 mg/g), and 0.01%
atropine (0.0 4 ml/g); hearts were then excised and processed for
further studies. Eight to ten animals per group were studied for all
protocols.
Transthoracic Echocardiography
In vivo cardiac function was assessed by transthoracic
echocardiography in sedated 2- to 4-month-old WT C57BL6
mice (Harlan Italy, San Piero al Natisone, UD, Italy) using a
Vevo 2100 high-resolution imaging system (40-MHz transducer,
VisualSonics, Toronto, ON, Canada). Mice were anesthetized
with Tilotamine (0.09mg/g), Zolazepam (0.09mg/g), and
0.01% atropine (0.04 ml/g). Cardiac function was evaluated by
non-invasive echocardiography in basal conditions, after 7 days
of treatment with trastuzumab, or after 3 days of pre-treatment
with ranolazine followed by co-administration of ranolazine and
trastuzumab for 7 days. Studies and analysis were performed
blinded to heart condition. Data are presented as mean ±
standard error of the mean (SEM) unless otherwise noted.
Between-group differences were assessed by Student’s t-test or
one-way analysis if variance (ANOVA) as appropriate. Statistical
significance was defined as P < 0.05.
The animal experiments described herein were carried out in
accordance with the recommendations of Italian regulations for
experimentation on animals. The protocol was approved by the
ethical committee and met the standards required by Directive
2010/63/EU of the European Parliament.
RNA Extraction and Real-Time PCR
Fresh frozen tissue was mechanically homogenized and total
RNA was extracted by using Trizol (Invitrogen, Milan, Italy)
according to the manufacturer’s protocol. Reverse transcription
of total RNA was performed starting from equal amounts of
total RNA/sample (500 ng) using SuperScript R© III Reverse
Transcriptase (Invitrogen, Milan, Italy). RT-PCR was used to
assess the mRNAs of ANP, MMP2, and GAPDH (the latter
as an internal reference), as previously described (Tocchetti
et al., 2014). Experiments were carried out in triplicate for
each data point, and data analysis was performed with Applied
Biosystems’StepOnePlus
TM
Real-Time PCR System.
Western Blotting Analysis of the Apoptotic
Pathway
Murine hearts were processed as previously described (Tocchetti
et al., 2014). Anti-caspase 3, anti-cleaved caspase 3, anti-
GAPDH (Cell Signaling Technology), or anti-Actin antibody
(Sigma), followed by anti-rabbit, HRP-conjugated IgGs from
goat antiserum (Thermo Scientific) were used to detect
proteins involved in the apoptotic pathway. The signal
from secondary antibodies was visualized by enhanced
chemiluminescence detection (ECL western blotting detection
kit, Thermo Scientific). The signal intensity of reactive bands
was quantitatively measured with a phosphorimager (GS-
710, Biorad) or by the open source software ImageJ (NIH,
USA).
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Isolation and Culture of Neonatal Rat
Ventricular Myocytes (NRVMs)
NRVMs were isolated from 1 to 3 days old Wistar rats. Hearts
were excised, fragmented and dissociated at 4◦C overnight
with an enzyme solution containing trypsin (Invitrogen), under
continuous stirring. The day after, fragments were further
dissociated with an enzymatic solution containing Collagenase
type I (Gibco). Cells were purified and resuspended in growth
medium consisting of MEM (Invitrogen) supplemented with
10% fetal bovine serum (Gibco) and antibiotics (100 U/ml
penicillin and 100µg/ml streptomycin).
Cells were pre-plated for 90min in order to separate NRVMs
from fibroblasts. NRVMs were counted and opportunely diluted
with MEM supplemented with 10% FBS, antibiotics, non-
essential amino acids (NEAA) and 0.1mM BrdU, necessary to
inhibit cell proliferation, and the plated onto slides pre-treated
with gelatin 0.1%.
Measurement of Formation of Reactive
Oxygen Species
NRVMs were seeded in 6-well plates at a density of 3 × 105/well
and ranolazine (10µM) and trastuzumab (2µM), alone or in
combination, were added.
After 24 h, cells were incubated for 15min at 37◦C with
10 nM MitoTracker Red CM-H2XRos (MTR, Molecular Probes,
λec = 579 nm, λem = 599 nm) in HBSS. Following the
incubation, cells were washed twice with HBSS and slides were
analyzed using the fluorescence microscope Zeiss Axlovert 100M
and a 63x oil immersion objective.
In the kinetic experiment, NRVMs were treated with
ranolazine (10µM) and trastuzumab (2µM), alone or in
combination. After 24 h, cells were incubated with 10 nM
MitoTracker Red CM-H2XRos as shown before. Three baseline
images were taken at frame rate 1/5min, and then 4µM
Isoproterenol (ISO) was added for 1 h.
Statistical Analyses
For most studies, between-group differences were assessed
by Student’s t-test or one-way ANOVA as appropriate.
Statistical analysis was performed with OriginPro 8 SR0
v8.0724. Differences among the groups in parameters assessed by
reverse transcription–PCR (RT–PCR) or western blotting were
evaluated using the non-parametric Kruskal–Wallis test and
adjusted for multiple comparisons with the Bonferroni method
Statistical analysis were performed with SPSS statistical package
(14.0 version).
Statistical significance was defined as P < 0.05.
RESULTS
Ranolazine Attenuates
Trastuzumab-Induced Heart Dysfunction in
Mice
First, we tested the beneficial role of ranolazine on trastuzumab
induced cardiotoxicity in vivo in a mouse model. To this
aim, groups of 8–10 mice were treated with trastuzumab
and ranolazine as described in the Methods section.
Echocardiography was performed before and after the
treatments.
After 7 days, in trastuzumab-treated mice, fractional
shortening (FS) decreased to 54 ± 3.86%, p < 0.0005 vs. 60.29
± 2.47% (sham), ejection fraction (EF) to 84.33 ±3.08%, p <
0.0005 vs. 91.26 ± 2.03% (sham). However, in mice treated with
ranolazine plus trastuzumab, FS and EF were not significantly
reduced (FS 59.40± 3.13%; EF 89.80± 2.28%; Figure 1).
Ranolazine Prevents Cardiac Fetal Gene
Reprograming and Extracellular Matrix
Remodeling in Trastuzumab Treated Hearts
At the end of the in vivo treatment, mice were euthanized,
and hearts were removed and processed for mRNA expression
analyses and detection of myocardial stress and apoptosis.
All analyses were performed in parallel experiments on sham
animals. In accordance with the alterations of contractile
function, trastuzumab enhanced ANP and MMP2 mRNAs
compared with sham. However, whenmice were pre-treated with
ranolazine, ANP, and MMP2 mRNA levels were lower compared
to TRA (Figure 2).
Ranolazine Reduces Trastuzumab-Induced
Apoptosis
We then investigated the impact of ranolazine on trastuzumab-
induced cell death. Excised murine hearts of treated mice were
handled as described above, then lysed and analyzed by Western
blotting with an anti-Caspase antibody. Trastuzumab activated
apoptosis significantly, as shown by the enhanced cleavage of
caspase-3. Caspase-3 fragmentation did not occur when mice
were co-administered with RAN+TRA (Figure 3).
Ranolazine Limits the Production of
Reactive Oxygen Species Induced by
Trastuzumab in NRVMs
To test whether ranolazine protective effects are achieved by a
reduction of ROS generated upon trastuzumab administration,
ROS formation was monitored in NRVMs. NRVMs labeled
with MitoTracker Red and treated for 24 h with Trastuzumab
showed a modest increase of probe fluorescence, compared with
untreated cells, reflecting induction of oxidative stress, which was
not blunted by ranolazine.
Considering that trastuzumab exerts its cardiotoxic effects
especially in presence of cardiac stressors (de Korte et al., 2007;
De Keulenaer et al., 2010; Ewer and Ewer, 2010; Tocchetti
et al., 2017), and that the beating heart is normally subject
to preload and afterload, we then incubated NRVM with the
beta stimulator isoproterenol (ISO; Tocchetti et al., 2012) to
simulate workload conditions. Interestingly, the concomitant
administration of TRA and ISO produced a significant increase in
ROS compared to ISO alone, and such increase could be blunted
by RAN (Figure 4).
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FIGURE 1 | Ranolazine protects from trastuzumab-related cardiac dysfunction. Ranolazine blunts reductions in fractional shortening (FS) and ejection fraction (EF)
induced by trastuzumab (**p < 0.01 vs TRA; ***p < 0.001 vs TRA).
FIGURE 2 | Effects of ranolazine on cardiac fetal gene reprogramming. ANP, BNP, and MMP2 mRNA expressions induced by trastuzumab were reduced in mice
pretreated with ranolazine (*p < 0.05 vs. TRA; **p < 0.005; ***p < 0.0005).
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FIGURE 3 | Apoptotic pathway analysis in hearts of treated mice. Caspase 3
activation triggered by trastuzumab, was reduced by ranolazine treatment
(*p < 0.05 vs. TRA; **p < 0.005 vs. TRA; ***p < 0.0005 vs. TRA).
FIGURE 4 | Ranolazine (RAN) reduces Reactive Oxygen Species (ROS)
formation induced by Trastuzumab (TRA) and isoproterenol (ISO). Neonatal
Rat Ventricular Myocytes (NRVMs) untreated or treated for 24 h with 2µM
TRA, with 10µM Ran or with 2µM TRA and 10µM Ran, were incubated for
1 h with 4µM Iso. Microscopy analysis of cells labeled with the fluorescent
probe Mitotracker Red CM-H2XRos was performed to detect the degree of
mitochondrial oxidative stress. Data are normalized to the control after 24 h +
1 h of treatment with isoproterenol. n ISO: 24; n TRA+ISO: 22; n RAN+ISO:
19; n RAN+TRA+ISO: 20. *p < 0.05 vs. TRA; **p < 0.01 vs. TRA.
DISCUSSION
The introduction of trastuzumab in therapeutic protocols for
ErbB2+ breast cancer has revolutionized the prognosis of
patients affected by this disease, but unfortunately this therapy
is characterized with a relevant incidence of cardiac dysfunction
and HF, especially when associated with anthracyclines. We
(Tocchetti et al., 2014) and others (Cappetta et al., 2017) have
shown that the late INa inhibitor ranolazine is able to blunt
cardiac dysfunction induced by anthracyclines by decreasing
ROS production. The data presented here suggest that ranolazine
is also able to blunt trastuzumab cardiotoxicity, and this effect
seems to involve a reduction in oxidative stress. Indeed, redox
mechanisms have also been proposed for the neuregulin/ErbB2
pathway. This pathway has been shown to play a role in
modulating the increase in ROS caused by doxorubicin in animal
models (Timolati et al., 2006), suggesting that cardiotoxicity
from ErbB2 blockade can also involve a dysregulation of
redox homeostasis (Mercurio et al., 2016). Importantly, beside
anthracyclines (Menna et al., 2012; Sawyer, 2013; Steˇrba et al.,
2013; Ghigo et al., 2016), redox abnormalities are involved in
the pathophysiology of cardiotoxic effects caused by several
antineoplastic drugs (Ferroni et al., 2011), including new biologic
anti-cancer drugs, such as intracellular signaling inhibitors, that
are increasingly used in recent years (Tocchetti et al., 2017).
Such drugs may be cardiotoxic, since they block pathways that
are major modulators of myocardial function, especially under
conditions of cardiac stress, such as hypertension or hypertrophy
(Suter and Ewer, 2013), with mechanisms of action that often
involve redox dysregulation as well.
The importance of ErbB2 in the heart has been particularly
emphasized by seminal studies that demonstrated that ErbB2
cardiac KO mice were affected by dilated cardiomyopathy,
with increased susceptibility to anthracycline-induced damage
to cardiomyocytes (Crone et al., 2002; Ozcelik et al., 2002).
Conversely, cardiac ErbB2 overexpressor mice showed lower
levels of ROS in mitochondria, with reduced ROS levels
and less cell death in neonatal cardiomyocytes isolated from
ErbB2(tg) hearts upon administration of anthracyclines, due
to increased levels of glutathione peroxidase 1 (GPx1) protein
and GPx activity, with enhanced levels of two known GPx
activators, c-Abl, and Arg (Belmonte et al., 2015; Tocchetti et al.,
2017). Furthermore, block of ErbB2 has been correlated with
cardiomyocyte death through reactive oxygen species-dependent
pathways (Gordon et al., 2009).
Along this line, our results in NRVM show that attenuation
of trastuzumab toxicity with ranolazine is indeed obtained
by reducing ROS production, and our in vivo data show
better LV function with ranolazine+trastuzumab compared with
trastuzumab alone. The fact that trastuzumab elicited only a
modest rise in ROS in non-stressed NRVM is compatible with
the cardiotoxic effect of ErbB2 blockers that might be negligible
per se, but exacerbated when administered under conditions of
cardiac stress or in previously diseased hearts (e.g., increased
pressure or volume overload) or in presence of cardiovascular
risk factors (age, obesity, smoking, hypertension, previous
exposure to anthracyclines; Denegri et al., 2016; Tocchetti et al.,
2017).
The inhibition of late INa with ranolazine has been proposed
as a therapeutic strategy in many in vivo and in vitro models
of heart dysfunction (Sabbah et al., 2002; Rastogi et al., 2008;
Coppini et al., 2013, 2017) and in particular, ranolazine has
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been shown to be able to blunt LV dysfunction in experimental
models of doxorubicin cardiotoxcicity by lowering oxidative
stress (Tocchetti et al., 2014; Cappetta et al., 2017). By reducing
elevated [Na+]i levels that, are commonly elevated in conditions
of cardiac dysfunction (Bers, 2001; Pieske and Houser, 2003),
ranolazine could prevent calcium overload and the occurrence
of oxidative damage by reducing ROS production, with an
advantage over ordinary antioxidant treatments that counteract
ROS after their generation (Zeitz et al., 2002; Maack et al., 2006;
Song et al., 2006; Wagner et al., 2006; Erickson et al., 2008;
Kohlhaas et al., 2010; Tocchetti et al., 2014).
In the setting of heart disease, ROS play a role in
pathophysiological remodeling, cellular death, and LV
dysfunction (Sawyer et al., 2002; Giordano, 2005; Takimoto
and Kass, 2007; Nediani et al., 2011). The molecular signaling
pathways that link ROS to LV hypertrophy, remodeling, and
failure include alpha- and beta-adrenergic and angiotensin
II (AT1) receptor stimulation, as well as modifications of a
wide number of proteins that include stress kinases, nuclear
transcription factors, collagen and metalloproteinases, calcium
channels, myofilaments and proteins involved in the excitation–
contraction coupling machinery. A key role is played by a rise in
cytosolic Ca2+ levels that lead to expression changes of several
genes involved in cardiac pathophysiological hypertrophy and
remodeling of the heart (Arcaro et al., 2016) with increases in
interstitial fibrosis and expression of profibrotic genes (Zhao
et al., 2010). Abnormalities of the extracellular matrix and
adverse remodeling are also exacerbated by ROS (Kandasamy
et al., 2010). Importantly, our data show that ranolazine
is able to blunt the effects produced by trastuzumab on
important components of LV remodeling such as myocyte
death and fibrosis, and to reverse the expression changes
of important genes such as NPs and MMPs, eventually
mitigating the occurrence of cardiac dysfunction measured by
echocardiography.
LIMITATIONS OF THE STUDY
In human pathology trastuzumab is administered to cancer
patients, while here we studied experimental trastuzumab
cardiotoxicity in C57BL6 mice without cancer. Of course,
further studies in mice with cancer will have to be performed.
Nevertheless, C57BL6 mice, that are commonly used in models
of experimental heart failure, also have a compromised immune
system that in part may mimic cancer.
CONCLUSIONS
Our data support previous findings on the efficacy of ranolazine
in experimental heart dysfunction (Sabbah et al., 2002; Rastogi
et al., 2008; Coppini et al., 2013, 2017; Tocchetti et al., 2014;
Cappetta et al., 2017). We acknowledge that further experiments
may be necessary to conclude that the mechanism of action
involves the levels of ROS, also considering that ranolazine
has been recently shown to be able to antagonize β-adrenergic
stimulation and decrease myofilaments Ca2+ sensitivity (Flenner
et al., 2016), with little therapeutic efficacy in a HCM murine
model in vivo. Nevertheless, we show that in the cardio-
oncologic setting, beside doxorubicin cardiotoxicity (Tocchetti
et al., 2014; Cappetta et al., 2017), RAN could also be a
promising cardioprotective drug in the setting of trastuzumab
toxicity. More efforts involving both experimental and clinical
studies will be needed in order to establish whether ranolazine
might be introduced clinically in the therapeutic strategies that
aim at addressing cardiotoxicity induced by trastuzumab or
anthracyclines.
AUTHOR CONTRIBUTIONS
GR, SA, CDA, DF, and CM: performed in vitro experiments;
CC and DR: performed in vivo experiments; GR, SA, CC, GP,
DF, MR, DR, and CGT: analyzed data, drafted figures, and the
manuscript; CA, GC, FDL, CDL, and NM: provided necessary
materials; FDL, CGT, CDL, and NM: conceptualized the project;
CGT and CDL: wrote the manuscript.
ACKNOWLEDGMENTS
The authors are grateful for kind support from Giorgia
Sorrentino of National Cancer Institute Pascale, Naples, Italy.
This work was supported by a grant from the Italian Ministry of
Health, and by AIRC (IG, Rif. 18473) to GC.
REFERENCES
Arcaro, A., Pirozzi, F., Angelini, A., Chimenti, C., Crotti, L., Giordano, C., et al.
(2016). Novel perspectives in redox biology and pathophysiology of failing
myocytes: modulation of the intramyocardial redox milieu for therapeutic
interventions-a review article from the working group of cardiac cell
biology, Italian society of cardiology. Oxid. Med. Cell. Longev. 2016:6353469.
doi: 10.1155/2016/6353469
Armenian, S. H., Lacchetti, C., Barac, A., Carver, J., Constine, L. S., Denduluri, N.,
et al. (2017). Prevention and monitoring of cardiac dysfunction in survivors
of adult cancers: American Society of Clinical Oncology Clinical Practice
Guideline. J. Clin. Oncol. 35, 893–911. doi: 10.1200/JCO.2016.70.5400
Belmonte, F., Das, S., Sysa-Shah, P., Sivakumaran, V., Stanley, B., Guo, X.,
et al. (2015). ErbB2 overexpression upregulates antioxidant enzymes, reduces
basal levels of reactive oxygen species, and protects against doxorubicin
cardiotoxicity. Am. J. Physiol. Heart Circ. Physiol. 309, H1271–H1280.
doi: 10.1152/ajpheart.00517.2014
Bers, D.M. (2001). Excitation–Contraction Coupling and Cardiac Contractile Force,
2nd Edn. Dordrecht: Kluwer Academic Publishers.
Bloom, M. W., Hamo, C. E., Cardinale, D., Ky, B., Nohria, A., Baer, L., et al.
(2016). Cancer therapy-related cardiac dysfunction and heart failure: part
1: definitions, pathophysiology, risk factors, and imaging. Circ. Heart Fail.
9:e002661. doi: 10.1161/CIRCHEARTFAILURE.115.002661
Cappetta, D., Esposito, G., Coppini, R., Piegari, E., Russo, R., Ciuffreda, L. P., et al.
(2017). Effects of ranolazine in a model of doxorubicin-induced left ventricle
diastolic dysfunction. Br. J. Pharmacol. 174, 3696–3712. doi: 10.1111/bph.13791
Coppini, R., Ferrantini, C., Yao, L., Fan, P., Del Lungo, M., Stillitano, F.,
et al. (2013). Late sodium current inhibition reverses electromechanical
dysfunction in human hypertrophic cardiomyopathy. Circulation 127,
575–584. doi: 10.1161/CIRCULATIONAHA.112.134932
Frontiers in Physiology | www.frontiersin.org 6 February 2018 | Volume 9 | Article 38
Riccio et al. Ranolazine Attenuates Trastuzumab-Induced Heart Dysfunction
Coppini, R., Mazzoni, L., Ferrantini, C., Gentile, F., Pioner, J. M., Laurino,
A., et al. (2017). Ranolazine prevents phenotype development in a mouse
model of hypertrophic cardiomyopathy. Circ. Heart Fail. 10:e003565.
doi: 10.1161/CIRCHEARTFAILURE.116.003565
Crone, S. A., Zhao, Y. Y., Fan, L., Gu, Y., Minamisawa, S., Liu, Y., et al. (2002).
ErbB2 is essential in the prevention of dilated cardiomyopathy. Nat. Med. 8,
459–465. doi: 10.1038/nm0502-459
De Keulenaer, G. W., Doggen, K., and Lemmens, K. (2010). The vulnerability of
the heart as a pluricellular paracrine organ: lessons from unexpected triggers
of heart failure in targeted ErbB2 anticancer therapy. Circ. Res. 106, 35–46.
doi: 10.1161/CIRCRESAHA.109.205906
de Korte, M. A., de Vries, E. G., Lub-de Hooge, M. N., Jager, P. L., Gietema,
J. A., van der Graaf, W. T., et al. (2007). 111Indium-trastuzumab visualises
myocardial human epidermal growth factor receptor 2 expression shortly
after anthracycline treatment but not during heart failure: a clue to uncover
the mechanisms of trastuzumab-related cardiotoxicity. Eur. J. Cancer 43,
2046–2051. doi: 10.1016/j.ejca.2007.06.024
Denegri, A., Moccetti, T., Moccetti, M., Spallarossa, P., Brunelli, C., and Ameri, P.
(2016). Cardiac toxicity of trastuzumab in elderly patients with breast cancer. J.
Geriatr. Cardiol. 13, 355–363. doi: 10.11909/j.issn.1671-5411.2016.04.003
D’Uva, G., Aharonov, A., Lauriola, M., Kain, D., Yahalom-Ronen, Y., Carvalho,
S., et al. (2015). ERBB2 triggers mammalian heart regeneration by promoting
cardiomyocyte dedifferentiation and proliferation. Nat. Cell Biol. 17, 627–638.
doi: 10.1038/ncb3149
Erickson, J. R., Joiner, M. L., Guan, X., Kutschke, W., Yang, J., Oddis, C. V., et al.
(2008). A dynamic pathway for calcium-independent activation of CaMKII by
methionine oxidation. Cell 133, 462–474. doi: 10.1016/j.cell.2008.02.048
Eschenhagen, T., Force, T., Ewer, M. S., de Keulenaer, G. W., Suter, T. M.,
Anker, S. D., et al. (2011). Cardiovascular side effects of cancer therapies: a
position statement from the heart failure association of the European Society
of Cardiology. Eur. J. Heart Fail. 13, 1–10. doi: 10.1093/eurjhf/hfq213
Ewer, M. S., and Ewer, S. M. (2010). Troponin I provides insight into cardiotoxicity
and the anthracycline-trastuzumab interaction. J. Clin. Oncol. 28, 3901–3904.
doi: 10.1200/JCO.2010.30.6274
Fedele, C., Riccio, G., Coppola, C., Barbieri, A., Monti, M. G., Arra, C., et al. (2012).
Comparison of preclinical cardiotoxic effects of different ErbB2 inhibitors.
Breast Cancer Res. Treat. 133, 511–521. doi: 10.1007/s10549-011-1783-9
Ferroni, P., Della-Morte, D., Palmirotta, R., McClendon, M., Testa, G., Abete, P.,
et al. (2011). Platinum-based compounds and risk for cardiovascular toxicity in
the elderly: role of the antioxidants in chemoprevention. Rejuvenation Res. 14,
293–308. doi: 10.1089/rej.2010.1141
Flenner, F., Friedrich, F. W., Ungeheuer, N., Christ, T., Geertz, B., Reischmann,
S., et al. (2016). Ranolazine antagonizes catecholamine-induced dysfunction
in isolated cardiomyocytes, but lacks long-term therapeutic effects in vivo in
a mouse model of hypertrophic cardiomyopathy. Cardiovasc Res. 109, 90–102.
doi: 10.1093/cvr/cvv247
Force, T., Krause, D. S., and Van Etten, R. A. (2007). Molecular mechanisms
of cardiotoxicity of tyrosine kinase inhibition. Nat. Rev. Cancer 7, 332–344.
doi: 10.1038/nrc2106
Gabrielson, K., Bedja, D., Pin, S., Tsao, A., Gama, L., Yuan, B., et al. (2007). Heat
shock protein 90 and ErbB2 in the cardiac response to doxorubicin injury.
Cancer Res. 67, 1436–1441. doi: 10.1158/0008-5472.CAN-06-3721
Ghigo, A., Li, M., and Hirsch, E. (2016). New signal transduction paradigms
in anthracycline-induced cardiotoxicity. Biochim. Biophys. Acta 1863(7 Pt B),
1916–1925. doi: 10.1016/j.bbamcr.2016.01.021
Giordano, F. J. (2005). Oxygen, oxidative stress, hypoxia, and heart failure. J. Clin.
Invest. 115, 500–508. doi: 10.1172/JCI200524408
Gordon, L. I., Burke, M. A., Singh, A. T., Prachand, S., Lieberman, E. D., Sun,
L., et al. (2009). Blockade of the erbB2 receptor induces cardiomyocyte death
through mitochondrial and reactive oxygen species-dependent pathways. J.
Biol. Chem. 284, 2080–2087. doi: 10.1074/jbc.M804570200
Kandasamy, A. D., Chow, A. K., Ali, M. A., and Schulz, R. (2010). Matrix
metalloproteinase-2 and myocardial oxidative stress injury: beyond the matrix.
Cardiovasc. Res. 85, 413–423. doi: 10.1093/cvr/cvp268
Kohlhaas, M., Liu, T., Knopp, A., Zeller, T., Ong, M. F., Böhm, M., et al.
(2010). Elevated cytosolic Na+ increases mitochondrial formation of reactive
oxygen species in failing cardiac myocytes. Circulation 121, 1606–1613.
doi: 10.1161/CIRCULATIONAHA.109.914911
Ky, B., Vejpongsa, P., Yeth, E. T., Force, T., and Moslehi, J. J. (2013). Emerging
paradigms in cardiomyopathies associated with cancer therapies. Emerging
paradigms in cardiomyopathies associated with cancer therapies. Circ. Res. 113,
754–764. doi: 10.1161/CIRCRESAHA.113.300218
Lim, S. L., Lam, C. S., Segers, V. F., Brutsaert, D. L., andDeKeulenaer, G.W. (2015).
Cardiac endothelium-myocyte interaction: clinical opportunities for new heart
failure therapies regardless of ejection fraction. Eur. Heart J. 36, 2050–2060.
doi: 10.1093/eurheartj/ehv132
Maack, C., Cortassa, S., Aon, M. A., Ganesan, A. N., Liu, T., and O’Rourke, B.
(2006). Elevated cytosolic Na+ decreases mitochondrial Ca2+ uptake during
excitation–contraction coupling and impairs energetic adaptation in cardiac
myocytes. Circ. Res. 99, 172–182. doi: 10.1161/01.RES.0000232546.92777.05
Menna, P., Paz, O. G., Chello, M., Covino, E., Salvatorelli, E., and Minotti, G.
(2012). Anthracycline cardiotoxicity. Expert Opin. Drug Saf. 11(Suppl. 1),
S21–S36. doi: 10.1517/14740338.2011.589834
Mercurio, V., Pirozzi, F., Lazzarini, E., Marone, G., Rizzo, P., Agnetti, G., et al.
(2016). Models of heart failure based on the cardiotoxicity of anticancer drugs.
J. Card. Fail. 22, 449–458. doi: 10.1016/j.cardfail.2016.04.008
Minotti, G. (2013). Pharmacology at work for cardio-oncology: ranolazine to treat
early cardiotoxicity induced by antitumor drugs. J. Pharmacol. Exp. Ther. 346,
343–349. doi: 10.1124/jpet.113.204057
Moslehi, J. J. (2016). Cardiovascular toxic effects of targeted cancer therapies. N.
Engl. J. Med. 375, 1457–1467. doi: 10.1056/NEJMra1100265
Nediani, C., Raimondi, L., Borchi, E., and Cerbai, E. (2011). Nitric oxide/reactive
oxygen species generation and nitroso/redox imbalance in heart failure: from
molecular mechanisms to therapeutic implications. Antioxid. Redox Signal. 14,
289–331. doi: 10.1089/ars.2010.3198
Ozcelik, C., Erdmann, B., Pilz, B., Wettschureck, N., Britsch, S., Hüner, N., et al.
(2002). Conditional mutation of the ErbB2 (HER2) receptor in cardiomyocytes
leads to dilated cardiomyopathy. Proc. Natl. Acad. Sci. U.S.A. 99, 8880–8885.
doi: 10.1073/pnas.122249299
Pieske, B., and Houser, S. R. (2003). [Na+]i handling in the failing human heart.
Cardiovasc. Res. 57, 874–886. doi: 10.1016/S0008-6363(02)00841-6
Rastogi, S., Sharov, V. G., Mishra, S., Gupta, R. C., Blackburn, B., Belardinelli,
L., et al. (2008). Ranolazine combined with enalapril or metoprolol
prevents progressive LV dysfunction and remodeling in dogs with moderate
heart failure. Am. J. Physiol. Heart Circ. Physiol. 295, H2149–H2155.
doi: 10.1152/ajpheart.00728.2008
Reagan-Shaw, S., Nihal, M., and Ahmad, N. (2008). Dose translation from animal
to human studies revisited. FASEB J. 22, 659–661. doi: 10.1096/fj.07-9574LSF
Riccio, G., Esposito, G., Leoncini, E., Contu, R., Condorelli, G., Chiariello, M.,
et al. (2009). Cardiotoxic effects, or lack thereof, of anti-ErbB2 immunoagents.
FASEB J. 23, 3171–3178. doi: 10.1096/fj.09-131383
Sabbah, H. N., Chandler, M. P., Mishima, T., Suzuki, G., Chaudhry, P., Nass,
O., et al. (2002). Ranolazine, a partial fatty acid oxidation (pFOX) inhibitor,
improves left ventricular function in dogs with chronic heart failure. J. Card.
Fail. 8, 416–422. doi: 10.1054/jcaf.2002.129232
Sawyer, D. B. (2013). Anthracyclines and heart failure. N. Engl. J. Med. 368,
1154–1115. doi: 10.1056/NEJMcibr1214975
Sawyer, D. B., Siwik, D. A., Xiao, L., Pimentel, D. R., Singh, K., and Colucci, W. S.
(2002). Role of oxidative stress in myocardial hypertrophy and failure. J. Mol.
Cell. Cardiol. 34, 379–388. doi: 10.1006/jmcc.2002.1526
Slamon, D. J., Clark, G. M., Wong, S. G., Levin, W. J., Ullrich, A., and
McGuire, W. L. (1987). Human breast cancer: correlation of relapse and
survival with amplification of the HER-2/neu oncogene. Science 235, 177–182.
doi: 10.1126/science.3798106
Slamon, D. J., Leyland-Jones, B., Shak, S., Fuchs, H., Paton, V., Bajamonde, A.,
et al. (2001). Use of chemotherapy plus a monoclonal antibody against HER2
for metastatic breast cancer that overexpresses HER2. N. Engl. J. Med. 344,
783–792. doi: 10.1056/NEJM200103153441101
Song, Y., Shryock, J. C., Wagner, S., Maier, L. S., and Belardinelli, L.
(2006). Blocking late sodium current reduces hydrogen peroxide-induced
arrhythmogenic activity and contractile dysfunction. J. Pharmacol. Exp. Ther.
318, 214–222. doi: 10.1124/jpet.106.101832
Steˇrba, M., Popelová, O., Vávrová, A., Jirkovský, E., Kovaríková, P., Geršl, V., et al.
(2013). Oxidative stress, redox signaling, and metal chelation in anthracycline
cardiotoxicity and pharmacological cardioprotection. Antioxid. Redox Signal.
18, 899–929. doi: 10.1089/ars.2012.4795
Frontiers in Physiology | www.frontiersin.org 7 February 2018 | Volume 9 | Article 38
Riccio et al. Ranolazine Attenuates Trastuzumab-Induced Heart Dysfunction
Suter, T. M., and Ewer, M. S. (2013). Cancer drugs and the heart: importance
and management. Eur. Heart J. 34, 1102–1111. doi: 10.1093/eurheartj/
ehs181
Suter, T. M., Procter, M., van Veldhuisen, D. J., Muscholl, M., Bergh,
J., Carlomagno, C., et al. (2007). Trastuzumab-associated cardiac adverse
effects in the herceptin adjuvant trial. J. Clin. Oncol. 25, 3859–3865.
doi: 10.1200/JCO.2006.09.1611
Takimoto, E., and Kass, D. A. (2007). Role of oxidative stress in
cardiac hypertrophy and remodeling. Hypertension 49, 241–248.
doi: 10.1161/01.HYP.0000254415.31362.a7
Timolati, F., Ott, D., Pentassuglia, L., Giraud, M. N., Perriard, J. C.,
Suter, T. M., et al. (2006). Neuregulin-1 beta attenuates doxorubicin-
induced alterations of excitation-contraction coupling and reduces oxidative
stress in adult rat cardiomyocytes. J. Mol. Cell. Cardiol. 41, 845–854.
doi: 10.1016/j.yjmcc.2006.08.002
Tocchetti, C. G., Caceres, V., Stanley, B. A., Xie, C., Shi, S., Watson, W.
H., et al. (2012). GSH or palmitate preserves mitochondrial energetic/redox
balance, preventing mechanical dysfunction in metabolically challenged
myocytes/hearts from type 2 diabetic mice. Diabetes 61, 3094–3005.
doi: 10.2337/db12-0072
Tocchetti, C. G., Cadeddu, C., Di Lisi, D., Femminò, S., Madonna, R., Mele,
D., et al. (2017). From molecular mechanisms to clinical management of
antineoplastic drug-induced cardiovascular toxicity: a translational overview.
Antioxid. Redox Signal. doi: 10.1089/ars.2016.6930. [Epub ahead of print].
Tocchetti, C. G., Carpi, A., Coppola, C., Quintavalle, C., Rea, D., Campesan, M.,
et al. (2014). Ranolazine protects from doxorubicin-induced oxidative stress
and cardiac dysfunction. Eur. J. Heart Fail. 16, 358–366. doi: 10.1002/ejhf.50
Wagner, S., Dybkova, N., Rasenack, E. C., Jacobshagen, C., Fabritz, L., Kirchhof,
P., et al. (2006). Ca2+/calmodulindependent protein kinase II regulates cardiac
Na+ channels. J. Clin. Invest. 116, 3127–3138. doi: 10.1172/JCI26620
Zamorano, J. L., Lancellotti, P., RodriguezMuñoz, D., Aboyans, V., Asteggiano, R.,
Galderisi, M., et al. (2016). 2016 ESC Position Paper on cancer treatments and
cardiovascular toxicity developed under the auspices of the ESC Committee
for Practice Guidelines: the task force for cancer treatments and cardiovascular
toxicity of the European Society of Cardiology (ESC). Eur. Heart J. 37,
2768–2801. doi: 10.1093/eurheartj/ehw211
Zeitz, O., Maass, A. E., VanNguyen, P., Hensmann, G., Kögler, H., Möller, K., et al.
(2002). Hydroxyl radical-induced acute diastolic dysfunction is due to calcium
overload via reverse-mode Na(+)–Ca(2+) exchange. Circ. Res. 90, 988–995.
doi: 10.1161/01.RES.0000018625.25212.1E
Zhao, Y., McLaughlin, D., Robinson, E., Harvey, A. P., Hookham, M. B.,
Shah, A. M., et al. (2010). Nox2 NADPH oxidase promotes pathologic
cardiac remodeling associated with Doxorubicin chemotherapy.Cancer Res. 70,
9287–9297. doi: 10.1158/0008-5472.CAN-10-2664
Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.
The handling Editor declared a past co-authorship with one of the authors
CGT.
Copyright © 2018 Riccio, Antonucci, Coppola, D’Avino, Piscopo, Fiore, Maurea,
Russo, Rea, Arra, Condorelli, Di Lisa, Tocchetti, De Lorenzo and Maurea. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.
Frontiers in Physiology | www.frontiersin.org 8 February 2018 | Volume 9 | Article 38
